b-Catenin has a dual role in the cell. At the membrane, it connects E-cadherin to the actin cytoskeleton, while in the nucleus, it controls gene expression in concert with Tcf-like transcription factors. Nuclear translocation of b-catenin is induced by the Wnt signal transduction pathway. Control of this process is essential since elevated b-catenin levels interfere with differentiation and development, and can initiate cancer in many tissues. An important role for b-catenin during hair follicle related development and tumorigenesis has recently been established, though little is known of its endogenous expression during the development of these structures. Here, we have investigated the expression of b-catenin in relation to markers for proliferation, differentiation and Wnt signaling during the development of three hair follicle related structures, i.e. whiskers, normal body hair and the preputial gland, and a hair follicle-derived tumor, the epidermal cyst. We observed nuclear accumulation of b-catenin, the hallmark of Wnt signaling, in the upper matrix, the dermal papilla, the developing ringwulst of the whisker and in the tumor, though it was never in association with proliferation or terminal differentiation. Co-localization of nuclear bcatenin with Tcf-3/4 was found only in the dermal papilla and the developing ringwulst of the whisker, but not in the upper matrix or in the tumor. These results further elucidate the role of the Wnt signal transduction pathway during hair follicle related development and tumorigenesis and illustrate the dynamic role of b-catenin in signal transduction and cell-adhesion. q
Introduction
The Wnt signal transduction pathway plays an important role in cell fate determination during development and differentiation. The secreted Wnt-glycoproteins activate transmembrane Frizzled receptors which induce the translocation of cytoplasmic b-catenin to the nucleus. Nuclear bcatenin forms complexes with HMG-box containing transcription factors of the LEF/Tcf-family, resulting in transcriptional activation of downstream genes (Behrens et al., 1996; Molenaar et al., 1996; Korinek et al., 1997; ; for review, Akiyama et al., 2000) . In the absence of Wnt signaling, a protein complex composed of APC and several other proteins, earmarks b-catenin for degradation by the ubiquitin-proteosome machinery Munemitsu et al., 1995; Aberle et al., 1997 ; for review, Akiyama et al., 2000) . Control of this pathway is crucial as high levels of b-catenin lead to developmental defects and cancer Morin et al., 1997; Rubinfeld et al., 1997; Gat et al., 1998; Smits et al., 1999; Huelsken et al., 2001) .
Several mouse models have been generated to study the role of Apc in development and tumorigenesis. In two models, Apc 1638N and Apc 1638T , a truncated Apc protein capable of binding and downregulating b-catenin is expressed at different levels (Fodde et al., 1994; Smits et al., 1997 Smits et al., , 1999 . Expression from the Apc 1638T allele is normal, whereas the Apc 1638N allele expresses the truncated protein at about 2% of the endogenous level. This dosage variation results in differences in developmental defects and tumor susceptibility. Both heterozygous and homozygous Apc 1638T mice are viable and tumor-free. However, homozygous Apc 1638T mice are characterized by growth retardation, a reduced postnatal viability on the B6 genetic background, the formation of nipple-associated cysts, and the absence of accessory modified sebaceous glands, the socalled preputial glands (Smits et al., 1999) . In contrast to the tumor-free phenotype of the Apc 1638T animals, in heterozygous Apc 1638N mice, somatic loss of the wild type allele leads to pilomatricomas, epidermal cysts, desmoids, and intestinal tumors (Fodde et al., 1994; Smits et al. 1997) . Homozygous Apc 1638N mice are embryonic lethal and die during gastrulation between E6.5 and E7.5 (Fodde et al., 1994; M.K., unpublished) . These mouse models demonstrate that both development and tumorigenesis are dependent on the dosage of the Apc1638 protein and, presumably, on its capacity to downregulate b-catenin.
The Wnt-pathway is known to be active in developing and mature hair follicles where an accurate balance between proliferation and differentiation is crucial. Several members of the Wnt-family, including Wnt3, Wnt4, Wnt5a, Wnt7a, Wnt10a and Wnt10b, have been shown to be expressed in developing and mature skin, and hair and feather follicles (Nusse and Varmus, 1992; Christiansen et al., 1995; Tanda et al., 1995; Chuong et al., 1996; Wang and Shackleford, 1996; Saitoh et al., 1998; Millar et al., 1999; Kishimoto et al., 2000) . Loss of Lef-1, results in a reduction of hair follicles and lack of whisker development (van Genderen et al., 1994) . In the mouse, stable expression of b-catenin under the control of an epithelial promoter induces de novo hair follicles and hair tumors (Gat et al., 1998) . Furthermore, a stabilized form of b-catenin activates a Wnt reporter, which is detected in developing dermal condensates and in hair follicles (DasGupta and Fuchs, 1999) . Despite many efforts, nuclear b-catenin, the hallmark of Wnt signaling, has never been detected at the immunohistochemical level during embryonic development of hair and whisker follicles.
In order to better understand the role of the Wnt-pathway in hair follicle development and homeostasis, we investigated b-catenin expression in the developing mouse hair and whisker follicles and in preputial glands in relation to markers for proliferation, differentiation and signaling. Nuclear accumulation of b-catenin was found at different stages in the dermal papilla, the non-proliferative part of the matrix, and the ringwulst of the whiskers. The presence of nuclear b-catenin was also confined to non-proliferative cells in hair follicle-derived epidermal cysts. Our results show a dynamic change in expression level and intracellular localization of b-catenin during development of hair and whisker follicles and preputial glands.
Results
In this study, we first analyzed the expression of b-catenin during the development of mouse whiskers, body hair and preputial glands by immunohistochemistry. We also investigated a possible oncogenic role of b-catenin in the growth of hair follicle-derived epidermal cysts in heterozygous Apc 1638N mice. The expression of b-catenin in relation to the physiological state of the cell was investigated by staining consecutive sections for expression of Ki67, a protein involved in cell proliferation, Tcf-3/4, a HMG-box transcription factor known to activate transcription when bound to b-catenin, and cytokeratin-14 (Cy14), a terminal differentiation marker for epidermal cell fate and the cuticle in the inner root sheath.
Dynamic b -catenin expression during development and anagen of whisker follicles
Whiskers are specialized hairs that share some of the developmental stages typical of the body hair. Whisker development starts between E12.5 and E13.5 as five parallel rows of about ten placodes that develop in a dorsal to ventral order. The placode, a thickening of the epidermis, signals to the underlying mesenchyme, which responds by condensation and by secreting morfogens (for review, DasGupta and Fuchs, 1999) . b-Catenin staining in placodes was clearly stronger compared with the flanking epidermal cells, albeit no nuclear b-catenin was observed. b-Catenin appeared also to be induced in the condensing mesenchyme, but this was lower than that in the placodes. Nuclear Tcf-3/4 staining was found only in the condensing mesenchyme, where Lef-1 expression is also reported (Zhou et al., 1995; Huelsken et al., 2001) . Ki67 staining on the other hand co-localized with the elevated b-catenin levels in the placodes. Cy14 was expressed in the placodes and throughout the basal layer of the epidermis, and is thus not specifically induced during the first stage of hair follicle development (data not shown).
Between E12.5 and E16.5, the placodes penetrate the mesenchyme, thereby forming first germs and later follicles. The condensing mesenchyme precedes the protruding follicle and forms a dermal papilla that becomes engulfed by follicle-derived epithelium, together forming the bulb around E16.5. The anti-b-catenin staining in the germs remained elevated compared with the dermal epithelium, but was never observed to be nuclear (Fig. 1A) . Strong Tcf-3/4 expression was detected in the condensing epithelium protruding and surrounding the invaginating follicle (data not shown). Ki67 expression was abundant in the epithelial cells of the germs, suggesting that cell proliferation is the driving force behind the follicle ingression (data not shown). After formation of the bulb, the follicle starts to differentiate and forms an outer and inner root sheath and a hair shaft. The matrix is the cloak of epithelial cells surrounding the dermal papilla and consists of two regions of proliferating and differentiating cells that migrate upwards to form the cortex and hair shaft. The bulge, a thickening in the upper part of the outer root sheath, represents a stem cell compartment that forms new skin keratinocytes and renews the lower part of the follicle during cycling (Taylor et al., 2000; Oshima et al., 2001; Waikel et al., 2001) . The different structures of the premature whisker follicle at this stage are shown in Fig. 1B . At E16.5, strong b-catenin expression was detected in the bulge and the rest of the outer root sheath (Fig. 1C) . Ki67 co-localized with b-catenin, but was also expressed in the condensing mesenchyme surrounding the whisker follicle (Fig. 1D ). Tcf-3/4 expression was expressed in the outer root sheath, but was activated in only a few cells in the bulge (Fig. 1E ).
Cy14 was weakly expressed throughout the outer root sheath and strongly expressed in the inner root sheath, indicating initiation of terminal differentiation (Fig. 1F ).
In the area of the bulb, b-catenin staining was strongly elevated, and for the first time, was found to be nuclear in the matrix of some of the whisker follicles. Notably, a few cells in the dermal papilla showed nuclear anti-b-catenin staining (Fig. 1G ). Strong Ki67 expression was observed in the inner ring of cells of the matrix and in a small subset of cells in the dermal papilla (Fig. 1H ). Tcf-3/4 expression was nuclear in many cells of the dermal papilla, although the strongest signals were found in the condensing mesenchymal cells surrounding the follicles (Fig. 1I ). Cy14 expression could only be detected in a small ring of outer root sheath cells surrounding the matrix (Fig. 1J) .
Five days after birth, whiskers have penetrated the epidermis, are at early anagen, and have developed most of the cell types also found in mature whiskers of 1 month, such as a morphologically distinct inner and outer root sheath. The anti-b-catenin staining marked the membranes of the outer and inner root sheath strongly of whiskers aged 5 days and 1 month ( Fig. 2A,B) . Only in the 5-day-old whiskers, we found nuclear b-catenin in the mesenchymal cells of the developing ringwulst, a gland surrounding the whisker follicle (Fig. 2B ). This nuclear b-catenin staining colocalized with strong Tcf-3/4 expression that was also weakly expressed in the inner and outer root sheath (Fig.  2C ). Ki67 was expressed in only a few cells of the outer root sheath and was not detected in the ringwulst (Fig. 2D) . Cy14 was detected only in the inner root sheath cells directly flanking the cuticle (Fig. 2E) .
Within the bulb of 5-day-old whiskers, the matrix has differentiated to an upper part containing melanocytes and a lower part devoid of melanocytes ( Fig. 2F-I ). Strong nuclear and cytoplasmic b-catenin expression was detected in the upper part of the matrix and the cortex of all the examined whisker follicles at this stage (Fig. 2F) . The same b-catenin staining was found in whiskers of 1-month-old mice, indicating that this expression pattern is stable during anagen of the whisker ( Fig. 2A) . In the lower proliferating part of the matrix, b-catenin was mainly expressed in the cytoplasm and co-localized with Ki67 expression (Fig. 2F,G) . In the dermal papilla, most of the cells displayed nuclear b-catenin, and as in the upper matrix, were negative for Ki67 (Fig. 2F,G) . At this stage, Tcf-3/4 expression was also detected in the dermal papilla and in the mesenchyme directly flanking the hair follicle (Fig. 2H ). Cy14 expression could not be observed in the bulb (Fig. 2I ).
Localization of b -catenin is variable also during hair follicle development
Development of body hair follicles in the mouse initiates around E14.5, which is 1-2 days later than that of whisker follicles. Similar to the whiskers, b-catenin expression was strong and elevated in the hair placodes and the germs when compared with the flanking basal layer of the dermis, but was never detected as nuclear (Fig. 3A,B) . At E14.5, we did not detect any Tcf-3/4 staining in the placodes and the underlying mesenchyme, although strong staining was seen in some other organs in the same sections. Two days later, a subset of cells within the germs expressed nuclear Tcf-3/4, contrary to the equivalent stage during whisker development. Using the same Tcf-3/4 antibody and a Tcf-4-specific one, Barker et al. (1999) have shown that only Tcf-3 is expressed in hair follicles. At E14.5, Ki67 co-localized with the elevated b-catenin levels, whereas Cy14 was expressed throughout the dermis and the follicle epithelium. In the germs, Ki67 expression was reduced and Cy14 expression was increased, thereby marking the shift from proliferation to differentiation (data not shown).
Five days after birth, hair follicles were at early anagen and showed strong b-catenin expression in the matrix cells around the dermal papilla. Similar to the whisker follicles, nuclear b-catenin was detected in the cortex and upper matrix cells that are intermingled with melanocytes. In addition, a subset of cells in the dermal papilla displayed nuclear b-catenin. Ki67 and weak Tcf-3/4 expression were detected in the lower part of the matrix where most of the cell divisions occur (data not shown). In this region, proliferating hair matrix cells are distinguished from the other epithelial cells of the skin by strong Lef-1 expression (Zhou et al., 1995; Gat et al., 1998; Chan et al., 1999) . At 5 weeks after birth, most of the hair follicles are still at anagen. In most of them, a very strong nuclear localization of b-catenin was found in the differentiating upper matrix (Fig. 3C,D) . These cells are programmed to form an integral part of the final hair shaft, and during this process, they synthesize specific proteins such as Cy14. During differentiation and migration in the hair shaft, the nuclei become more pycnotic, but maintain nuclear b-catenin. In the lower part of the matrix, b-catenin was cytoplasmic and co-localized with Ki67 like in the previous stages. Tcf-3/4 staining was also observed in these cells, but was relatively weak compared with the staining in the condensing mesenchyme surrounding the dermal papilla. Sebaceous glands of both hair and whisker follicles were characterized by strong Cy14 and weak cytoplasmic b-catenin staining in anagen. Some germinative basal flat sebaceous cells expressed Tcf-3/4 and Ki67 (data not shown).
b -Catenin expression during preputial gland development resembles that of hair and whiskers
Preputial glands are specialized sebaceous glands involved in pheromone secretion, and like hair and whisker follicles, originate from the ectoderm. Preputial glands develop from two pair-wise induced hair follicles positioned on both sides of the genitals (Fig. 3E) . Similar to the hair and whisker follicles, high levels of b-catenin were detected in the cytoplasm and the membranes during penetration and development at E14.5 and E16.5 (Fig. 3E,F) . The developing preputial glands were also characterized by strong Ki67 expression. Different from the normal hair follicles, Tcf-3/4 expression was weak in the germ cells at E14.5 and absent in the mesenchyme at E16.5 (data not shown).
In 5-day-old male mice, the preputial glands are divided into globules and surrounded by a connective tissue capsule (Fig. 3G,H) . The foamy sebaceous cells, characterized by cytoplasmic anti-Cy14 staining, are surrounded by smaller epithelial cells and express b-catenin in the cytoplasm and the membranes (Fig. 3H) . Many of the epithelial cells showed Ki67 and Tcf-3/4 expression (data not shown). Within each preputial gland, a single hair follicle can be detected (Fig. 3G,H) . This hair follicle can be clearly distinguished from the body hair follicles by its distinct localization below the fat and muscle layer of the dermis (Fig. 3G ). The penetrated follicle had developed all the characteristic features of a mature hair follicle. In analogy, nuclear bcatenin expression in this follicle was detected in the matrix and upper part of the dermal papilla, but appeared to be stronger than that observed in the hair and whisker follicles (Fig. 3H) .
Expression patterns are maintained in hair folliclederived cysts of Apc
Two mouse models indicate that elevated levels of bcatenin can cause formation of hair follicle-derived cysts. Mice expressing b-catenin under an epidermal active promoter (Gat et al., 1998) and the Apc 1 /Apc 1638N mice develop hair follicle-associated cysts and tumors. Furthermore, a high frequency of oncogenic b-catenin mutations has been reported in hair follicle-derived pilomatricomas and epidermal cysts in man (Chan et al., 1999) . In order to understand the potential oncogenic role of b-catenin during the onset of hair follicle-derived tumors, we stained these lesions using antibodies against b-catenin, Ki67, Tcf-3/4, and Cy14.
Epidermal cysts in Apc 1 /Apc 1638N mice consist of large (up to 5 mm) keratin-filled cysts, which are surrounded by a relatively thin, hair follicle-derived epidermal sheath containing sebaceous cells that are marked by strong Cy14 expression (Fig. 3I) . The cell layers lining the keratin accumulations showed strong b-catenin expression in the membranes and the cytoplasm. Nuclear accumulation was observed in only some areas (Fig. 3J,K) . Fig. 3K ,L shows, in serial sections, a higher magnification of such a region. Similar to the matrix of the hair and whisker follicles, cells presenting nuclear accumulation of b-catenin were distinct from the proliferating cells in the cysts. Consequently, weak Tcf-3/4 staining was detected in some cells around the keratin accumulations (data not shown).
Discussion
In this paper, we describe the dynamic expression patterns of b-catenin during the development of four hair follicle-derived structures, i.e. whiskers, body hair, preputial glands and epidermal cysts. We have recently shown that accurate control of b-catenin through Apc is essential for development and differentiation. Different expression levels of the targeted Apc 1638 alleles result in different degrees of b-catenin signaling and in various developmental defects and susceptibility to tumors (Smits et al., 1999) .
Two mouse models illustrate the importance of b-catenin during early development of the hair follicles. A conditional b-catenin knockout mouse fails to develop epithelial placodes during embryonic development (Huelsken et al., 2001) . In a transgenic mouse expressing b-catenin under the Cy14 promoter, de novo hair follicle formation was observed (Gat et al., 1998) . In accordance with these findings, upregulation of b-catenin mRNA has previously been detected in the epithelial part of the forming placodes of chicken feather buds and hair follicles (Huelsken et al., 2001; Widelitz et al., 2000) . Here, we also detected elevated b-catenin expression during the initiation stage of mouse hair and whisker follicles, and during preputial gland development. There were no clear differences in the b-catenin levels during the initiation stage of these three structures, and no nuclear localization was detected. However, strong nuclear b-catenin expression in the upper matrix and dermal papilla was detected during anagen. In the whisker follicles, nuclear accumulation of b-catenin was found in the developing ringwulst. These results illustrate the importance of b-catenin regulation during hair follicle-derived structures in general, and for the preputial gland in particular. Therefore, loss of the preputial gland in homozygous Apc 1638T mice is possibly caused by a partial deficiency in Apcdriven b-catenin downregulation.
The analysis of two recently described Wnt reporter mouse models, i.e. the TCF-LacZ reporter and the versican-GFP reporter, provided conflicting results that are largely reconciliated by our b-catenin expression data (DasGupta and Fuchs, 1999; Kishimoto et al., 2000) . The Wnt-driven TCF-LacZ reporter shows activity in the placode and the upper matrix (DasGupta and Fuchs, 1999) . We found nuclear b-catenin accumulation in the upper matrix, which corresponds with the lacZ expression and the previously reported expression of Lef-1 and Wnt-3 (DasGupta and Fuchs, 1999; Millar et al., 1999) . However, we never found convincing nuclear localization of b-catenin in the placode, and Lef-1 is expressed there only in the underlying mesenchyme. It is therefore unclear what drives the expression of the Wnt-LacZ reporter in the placode. On the other hand, we also observe strong nuclear accumulation of b-catenin in the dermal papilla, where the Tcf-lacZ reporter is inactive, but where the second Wnt-driven GFP reporter is activated (Kishimoto et al., 2000) . Thus, although the Wnt reporter data is conflicting, it corresponds with our bcatenin expression data. These discrepancies between the two reporters are best explained by the usage of different promoters. The LacZ reporter contains artificial consensus Lef/Tcf binding sides in its promoter, whereas the versican enhancer drives the GFP reporter. Both reporters have been shown to respond to the Wnt signal transduction pathway, but both may also be activated via other Tcf-like transcription factors or bind to different suppressors. In an attempt to elucidate this aspect, we followed expression of Tcf-3/4, a factor also shown to interact with b-catenin. We found Tcf-3/4 to be mainly expressed in the mesenchyme flanking the hair follicle and in the outer root sheath where b-catenin localized at the membrane. Tcf-3/4 was co-expressed with nuclear b-catenin only in the developing ringwulst of the whisker. It is presently not well understood which Tcf-like factors interact with b-catenin to mediate Wnt-driven gene transcription in the hair. Possibly also, other HMG-like transcription factors from the Sox-family play a role, as Sox-18 knockout mice display aberrant hair and both Sox-17b and Sox-3 bind to b-catenin (Zorn et al., 1999) . The reporter mice may therefore reveal only a subset of Wnt signaling, and need to be validated by the expression profile of bcatenin, as presented here.
Accurate control of b-catenin levels is necessary during hair follicle development, and abnormal levels of b-catenin can lead to hair follicle-derived tumors. In man, at least 75% of pilomatricomas acquire activating mutations affecting the amino-terminal region of b-catenin (Chan et al., 1999) . Transient b-catenin stabilization in the epidermis of the DN87bcat mice induces de novo hair follicle formation and development of epithelioid cysts and trichofolliculomas. At a later age, these mice develop pilomatricomas, which also originate from hair follicles (Gat et al., 1998) . The level of DN87bcat is reported to be several folds higher than endogenous b-catenin in the cells in the basal epidermis and outer root sheath, although nuclear localization has not been detected (Gat et al., 1998) . Similarly, overexpression of Wnt3 results in the stabilization of b-catenin and the formation of large dermal cysts (Millar et al., 1999) . The Apc 1 /Apc 1638N mice develop hair follicle-derived cysts which are surrounded by all cell types characteristic of fully developed hair follicles and are induced by loss of the wild type Apc allele, leading to insufficient residual Apc expression and b-catenin upregulation (Smits et al., 1997 (Smits et al., , 1998 (Smits et al., , 1999 . We detected strong b-catenin expression in membranes and the cytoplasm around keratin accumulations and in the matrix/cortex-like regions. Analogous to the situation in the bulb, b-catenin was nuclear in a small subset of cells that flank the proliferating cells expressing Ki67. Although upregulation of b-catenin appears to be the trigger for hair follicle-derived tumorigenesis, its nuclear accumulation is not associated with proliferation either in the hair follicles or in the tumors. This indicates that the regulatory hierarchy is maintained in the disorganized hair folliclederived tumors and suggests that the expression of proliferation-associated downstream target genes, such as cyclin D1, c-myc, and c-jun, may be dependent upon a particular dosage of b-catenin (He et al., 1998; Mann et al., 1999; Shtutman et al., 1999; Tetsu and McCormick, 1999) .
Materials and methods

Mice/genetic background
The wild type mice used in this study were bred on the C57B6 background. The heterozygous Apc 1638N mice contained a mixed genetic background of C57B6 and CD1.
Tissue samples
Normal mouse embryos (E14.5 and E16.5) and skin and preputial gland specimens from 5-day-old and 5-week-old mice were fixed in 4% paraformaldehyde in PBS for 3 h, washed for 30 min in PBS and 0.86% NaCl, respectively, dehydrated to 100% isopropanol, mixed at a 1:1 ratio with paraffin (Sigma), and placed at 608C to allow the evaporation of the isopropanol. The paraffin was refreshed once before embedding of the tissue samples. Hair folliclederived cysts were dissected from the tails of Apc 1 / Apc 1638N mice. Tail samples were fixed in 4% paraformaldehyde in PBS overnight and embedded in paraffin. Five micrometer sections were cut for immunohistochemistry.
Immunohistochemistry
Sections from paraformaldehyde-fixed and paraffinembedded tissue specimens were dewaxed in xylene and rehydrated in an ethanol series. Endogenous peroxidase activity was blocked by incubating in 0.5% hydrogen peroxidase in methanol for 10 min at room temperature (RT). Antigen retrieval was performed by boiling in 0.01 M citrate buffer (pH 6.0) for 10 min. Incubation in 5% non-fat dry milk for 30 min at RT was used to block non-specific binding. Primary antibodies were incubated on the slides at 48C overnight. The monoclonal antibodies were as follows: mouse b-catenin (final concentration, 1 mg/ml; Transduction Laboratories-clone 14), mouse Ki67 (final dilution, 1:200; Zymed), and mouse Cy14 (final dilution, 1:20; Novocastra Laboratories Ltd). The hybridoma supernatant of clone 6F12.2 detecting Tcf-3/4 was a kind gift from Hans Clevers (final dilution, 1:4; Barker et al., 1999) . The primary antibodies were detected using a goat anti-mouse IgG 1 IgM peroxidase antibody (final concentration 1.6, mg/ml; Jackson ImmunoResearch Laboratories). Slides were slightly counterstained with hematoxylin for microscopy. The cytoplasmic and nuclear distribution of b-catenin during whisker and hair development was confirmed with two other antibodies against b-catenin that are also successful in detecting nuclear accumulation in intestinal tumors derived from the Apc Min mouse, i.e. a polyclonal rabbit antibody kindly provided by Professor Birchmaier and a monoclonal antibody, clone CAT-5H10 from Zymed, Inc. (data not shown).
